P and perturber states were described in terms of a set of deperturbed molecular constants, spin-orbit and L-uncoupling interaction parameters, equilibrium constants, 309 term values, as well as isotopologue-independent spin-orbit and rotationelectronic perturbation parameters.
Introduction
Carbon monoxide (CO) is one of the most thoroughly studied molecules, bearing signicance to astronomy and cosmology. Aer H 2 , it is the second most abundant molecule in the interstellar medium (ISM), where it is investigated as a tracer of gas properties, structure and kinematics. 1, 2 In such astrophysical environments CO controls much of the gas-phase chemistry, 3 and is a precursor to complex molecules. 4 The CO spectrum has been observed in comets, cool dwarfs, quasars, supernova remnants, and interstellar molecular clouds as well as in atmospheres of planets and transiting exoplanets. 5, 6 Emissions originating from the B 1 S + (y ¼ 0), B 1 S + (y ¼ 1), and C 1 S + (y ¼ 0) vibrational levels were recorded from the Martian and Venusian atmospheres by the Hopkins Ultraviolet Telescope, 7 the FUSE satellite, 8, 9 and the Cassini UVIS instrument. 10 Large CO abundances produce detectable signals even for the rare isotopologues, including 12 
C
17 O. [11] [12] [13] Investigations of minor isotopologues are applied to unravel 'depth effects' in the interstellar absorptions 14 13, 15 The CO vacuum ultraviolet absorption spectrum is of astrophysical relevance due to the photodissociation of VUVexcited states, e.g. the C 1 S + , B 1 S + and E 1 P states. 16 Isotopedependent photodissociation effects, due to self-shielding in high-column density environments, 15, 17 lead to isotopic fractionation of CO.
13,18
The less-abundant 12 C 17 O isotopologue was detected in the ISM for the rst time in 1973 in the Orion Nebula 19 and has been studied in the laboratory in a number of investigations. The estimated absolute calibration 1s uncertainty was 0.002 cm À1 . Lines marked with 'w' were weak and with 'b' were blended in the spectra. Absolute accuracy of the line frequency measurements varies between 0.003 and 0.07 cm À1 for the strongest and weakest lines, respectively. b The P(10) line of the B-A(0, 5) band was overlapped by the carbon atomic line at 15197.891 cm À1 of signicantly higher intensity and halfwidth. The identication aer NIST ASD. 59 
54-58
Here, the focus is on a deperturbation analysis of the A 1 P and Herzberg bands. 28 The deperturbation analysis prompted some reassignment of lines in the B-A and C-A systems. New, highly accurate measurements of the 12 C 17 O B ) X (0, 0) and C ) X (0, 0) transitions with VUV-FTS were performed and included in the study in order to (i) establish and verify that B (y ¼ 0) and C (y ¼ 0) levels are unperturbed, and that our perturbation analysis of A-state is not affected by shis in the upper states, (ii) include an independent set of improved constants, therewith level energies, of B (y ¼ 0) and C (y ¼ 0), as well as (iii) determine level energies of A-state with respect to ground state of CO. The comprehensive t on B-A, C-A, B-X, and C-X systems allowed us to perform the most accurate deperturbed rotational constants of the states under consideration. 69 obtained from an auxiliary water-cooled, hollowcathode tube lled with Th foil were used for absolute CO wavenumber calibration.
Experimental details
The peak positions of spectral lines were derived by means of a least-squares procedure assuming a Gaussian line-shape for each spectral contour (30 points per line), with a tting c Lines marked with 'w' were weak and with 'b' were blended in the spectra. Preliminary identication of the spectra, together with extra-lines, assignments, calibrating Th atomic lines, and nal simulated spectra are shown in Fig. 1-3 . By "extra-lines", we refer to the spectral emission lines terminating on perturber states and gaining intensity from mixing with the A Our deperturbation analysis allowed us to assign 24 rotational lines from 14 bands of the O, were checked carefully with regard to their quality, because these lines are usually weak. Those lines that were too weak and/or blended were removed from the deperturbation analysis. Also, we extended and corrected the assignment of some heavily perturbed or extremely weak lines located in the region of strong and multistate interactions. They are collected in Table 3 .
VUV-FTS of the
We have measured photoabsorption spectra for two bands of 12 C 17 O: Fig. 4 and 5, respectively, were recorded at the SOLEIL synchrotron utilising the tunable-undulator radiation source of the DESIRS beamline and its permanently-installed vacuum-ultraviolet Fourier-transform spectrometer. The . We used two scans at different column density for the lower (red spectrum) and higher (green spectrum) J to get the final list of transition wavenumbers. The estimated absolute calibration 1s uncertainty was 0.005 cm À1 . The 1s uncertainty due to fitting errors of measured wavenumbers (exclusive of calibration uncertainty) was estimated from the least-squares optimisation algorithm and varies between 0.002 and 0.1 cm À1 for the strongest and weakest lines, respectively. The ratio of the gases used in the experiment was 12 25, [71] [72] [73] A brief summary of the steps involved in our spectral modelling is as follows:
An initial wavenumber and integrated cross section was assigned to every observed rotational transition in a recorded B ) X or C ) X band, and assuming a column density for each isotopologue component of our spectrum.
A Gaussian wavelength-dependent cross section for each simulated line was calculated from these values, assuming a Doppler width characteristic of the known experimental temperature (FWHM of 0.20 cm À1 for the case of 12 C 17 O and 295 K). The summation of all lines provided a total cross section. The total cross section was converted into a transmission spectrum by the Beer-Lambert law, then convolved with a sinc function to represent the known instrumental broadening of the FTS, and multiplied by the slightly wavelength dependent synchrotron beam intensity, giving a completely simulated absorption spectrum.
The simulated spectrum was compared with the raw experimental data and model line wavenumbers and cross sections, and isotopologue column densities, were adjusted to minimise the model-to-experiment difference in a pointwise least-squares sense. 
Results

Level energies
Rovibronic term values of the B O ground state, were calculated by using the B ) X (0, 0) and C ) X (0, 0) transition frequencies obtained from a VUV-FTS experiment and using the ground state molecular parameters by Coxon et al., 80 given for the 12 C 17 O The estimated absolute calibration 1s uncertainty was 0.005 cm À1 . Lines marked with 'w' were weak, and with 'b' were blended in the spectra. Absolute accuracy of the line frequency measurements varies between 0.002 and 0.1 cm À1 for the strongest and weakest lines, respectively. Table 5 Rovibronic term values of the A 
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The results are presented in Fig. 6 . Identication of perturbers
for both e and f L-doubling components of the A 1 P (y ¼ 3, 4, and 5) levels are summarized in Table 7 . using the Pgopher soware. 67 Applying this program we simulated each member of the B(y 0 ¼ 0, 1) À A(y 00 ) and C(y 0 ¼ 0) À A(y 00 ) progressions independently with a parameterised model of the A(y) levels, perturber levels, and their interactions. The computed level positions, line frequencies, and intensities are the result of a matrix diagonalization including all interacting levels. The assignment of perturber levels, the selection of which parameters and interactions could be discriminated from our spectra, and the values of these parameters were iteratively optimised. The Pgopher program 67 uses the effective Hamiltonian with matrix elements similar to Field, 30 Bergeman et al., 84 and Le Floch et al. 31 The model is presented in frequencies of weak and/or blended lines have lower accuracy, so they were individually weighted between 0.5 and 0.1, according to the degree of their weakening and/or overlap.
Deperturbation analysis of the
Initial ts were made by varying the B, D, H rotational constants and the q L-doubling constant of the A 1 P (y ¼ 1-5) levels. This means that all parity-dependent interactions were included explicitly in the interactions contained in our deperturbation. Any additional L-doubling from remote perturbers was aliased by the interactions included in our perturbation. During the deperturbation, the rotational B and D parameters of the X 1 S + (y ¼ 0) ground state were xed to the values given by
The unweighted obs-calc residuals of the tting method are dominated by the uncertainties of the very weak and heavily perturbed lines that belong to the weakest B-A (1, 1) and (1, 5) bands. The weighted contribution to the root-mean-square (rms) residual value of high-accuracy dispersive optical spectroscopy and VUV-FTS data is 0.006 cm
À1
. This shows that the tting model acceptably reproduces such a comprehensive experimental data set.
In a few cases, tting of the interaction parameters was statistically unjustied because there was an insufficient quantity of experimental transitions in the vicinity of the avoided crossings of the perturbing states or because of the interaction of energetically remote states (for J < 0 or J > J max ) without any observed crossing points with the A Tables 5 and 6 ). Some reduced terms were calculated on the basis of isotopically recalculated equilibrium molecular constants given by Field 30 Table 10 ). Note that different reduced-energy scales in cm À1 are used for different vibrational levels of A 1 and 88, which shows that for perturbation between vibronic levels of a given pair of electronic states, the perturbation matrix element (a, b) is the product of a vibrational factor and a constant electronic perturbation parameter (a, b). The effective perturbation parameters a and b, in the e/f basis set, are dened as follows:
where H SO and H RE are the spin-orbit and rotation-electronic operators, respectively, and a ¼ h2p|al b Theoretically predicted interaction of energetically remote states (for J < 0 or J > J max ) without any observed crossing points with the A 1 P state but the deperturbation t shows that they have a noticeable inuence on the A 1 P (y ¼ 3, 4, or 5) levels (see Table 10 ). c See Table 10 .
d Perturbation difficult to identify on the basis of observations only (e.g. Fig. 6 ) due to much stronger interaction that exists in this region due to the a 03 S + (y ¼ 13) state. Its signicance can be evaluated only on the basis of results of deperturbation t provided in Table 10 .
e Perturbation difficult to identify on the basis of observations only (e.g. Fig. 6 ) due to stronger interaction that exists in this region deriving from the F 1 term of the a 03 S + (y ¼ 16) state. Its signicance can be evaluated only on the basis of results of deperturbation t provided in Table 10 .
f Perturbation difficult to identify on the basis of observations only (e.g. Fig. 6 ) because of uncharacteristic behaviour of the rovibrational e-parity terms at J ¼ 26-28 due to overlapping interaction with distant a substantially interaction with the F 2 term of the a 03 S + (y ¼ 16) state.
Table 8
Effective Hamiltonian and matrix elements for perturbation analyses of the A 
The model is consistent with that of Pgopher soware.
b
The matrix is symmetric, therefore, the lower le non-diagonal elements, which are not shown in the Hamiltonian, are equivalent to those of the corresponding upper right elements. The matrix elements set to zero are results of an approximation consisting in neglecting the mutual interaction between the perturbing states. For the A 1 P diagonal element the '+' and 'À' signs relating to L-doubling refer to the e-and f-symmetry states, respectively. is then possible to calculate initial values of interaction parameters for any pair of levels whenever the relevant vibrational wavefunctions are known. 31 So, the missing perturbation parameters, which were xed during the deperturbation calculation, were estimated on the basis of the isotopologueindependent purely electronic perturbation parameters a and b of Le Floch, 31 as well as hy A |y d,e,or a 0 i vibrational overlap integrals and the hy A |B(R)|y I or D i rotational operator integral in 12 C 17 O, according to eqn (1)- (8) . These parameters are presented in Table 9 . The vibrational integrals were calculated on the basis of 12 90 (later modied by Jakubek 91 ). Then, justication of the use of each of those estimated values in the t was tested. Only those were used that led to noticeable improvements in the quality of the t within the accuracy obtained.
A careful examination of the correlation matrix shows satisfactorily low correlations between tted model parameters. The nal set of deperturbed molecular constants from the ts is presented mainly in Tables 10 and 11 . The relationships between the h and a as well as x and b perturbation parameters result from their different denitions, 30, 67, 94, 95 which affect the interaction matrix elements, are as follows: Table 11 . The isotopologue independent, electronic perturbation parameters a and b for the Table 9 ) Field, 30 and Field et al.
32,87
While performing the deperturbation calculations, we also obtained the rovibrational constants for the Table 10 , using a weighted least-squares method. The results are collected in Table 13 4. Discussion (1)- (8) using electronic perturbation parameters and vibrational integrals given in the current table. ). c The spin-orbit and rotationelectronic perturbation parameters a and b were calculated on the basis of eqn (1)- (8) .
d The weighted average values of the electronic perturbation parameters obtained in this work. Table 9 ). In turn, the L-uncoupling interactions between the A 1 P state and I 79 takes no account of the impact of the Q(J) branches in the singlet-singlet ts. Improvement in the assignment of some of the heavily overlapped and/or extremely weak lines located in the region of strong and multistate perturbations, which was described in Section 2.1, could also be a reason for this inconsistency. It is worth noticing here that the deperturbation analysis conducted in this work was based on a global, three times more extensive experimental data set than was used in other works concerning the less-abundant 12 C
17 O isotopologue.
26-28
The present work also allowed for verication and improvement in the observed perturbations of the A 1 P, y ¼ 1, occurs at J ¼ 26-27, both for the e-and f-symmetry levels (see Fig. 6a ). However, in the case of the A 1 P, y ¼ 2 level, it turns out that in the perturbation analysis we must take into account small, but not negligible, impacts of the a 03 S + (y ¼ 11) and D 1 D (y ¼ 2) states on its band origin and the fact that the maximum of the A 1 P (y ¼ 1)$e 3 S À (y ¼ 4; F 3 ) interaction for the esymmetry levels falls at J ¼ 31-32, and not at J ¼ 30-31 as had been thought (see Fig. 6b ). It can be seen in Table 10 Tables 9 and 11 . The obtained electronic perturbation parameters can be used to predict perturbations in other A 1 P levels of all CO isotopologues. These parameters may be helpful in interpreting laboratory and astrophysical spectra of higher levels of the A 1 P state.
Conclusion
Two different experimental methods, high-accuracy dispersive optical spectroscopy in the visible region and Fourier-transform spectroscopy in the vacuum ultraviolet region, were used to obtain high-resolution spectra of the B 
